Problems of potentiometry in nonaqueous media 3.
INTRODUCTION
The processes taking place in nonaqueous, mixed and partially aqueous media are far more complex than those occuring in water. However, studies on the processes in these media with potentiometric technique employing different ion-selective electrodes opened up new possibilities for the further development in the field. Thus, determinations can be accomplished which are not feasible in aqueous media. At the same time the use of such solvent systems made possible a thorough examination of acid-base and complex equilibria, and of the mechanism and kinetics of different chemical reactions, as well as the investigation of ion-transport processes in solvent mixtures.
As it is known, in the interpretation of processes in nonaqueous media it is important to take into consideration the properties of the solvent (1-4) as will be described in Section 3.1. The application of ion-selective electrodes in nonaqueous solvents involves a series of problems in connection with the selection of the sensors and the measuring techniques. Among the ion-selective electrodes applied in nonaqueous and mixed solvents pH sensitive glass electrodes have found most extensive use. Consequently a series of questions regarding the mechanism of the operation of the electrodes in different non--aqueous solvents was investigated (e.g. pH-scales. liquid junction, potential response, etc.). The appearance of non-glass based ion-selective electrodes since the 1960's, offered new possibilities for the further development and widespread application of potentiometric techniques. Moreover their use in nonaqueous systems is expected.
Problems of potentiometry in nonaqueous media
Sources of errors which are encountered in ion-selective electrode potentiometry in aqueous solutions have been reviewed, for example, by Durst (1, (6) (7) (8) .
In the ion-selective electrode potentiometry in non-aqueous solvents, some additional problems other than those in aqueous solutions should be taken into account, as have been discussed by Pungor and Tóth (3) . In the following a brief description will be given about problems and possibilities of the use of ion-selective sensors in non-aqueous, mixed and partially aqueous solvents.
Ion-selective electrodes: Ion-selective electrodes nowadays available have been prepared for use in aqueous solutions, and many of them are difficult to apply in non-aqueous solutions (not speaking about the pH-sensitive glass electrodes). Besides the problem of the proper response of the electrode, the materials constructing the electrode should not be damaged in the solvent under study. In general, it is true that the establishment of a well-defined phase boundary at the detector-solution interface is a condition of the use of an ion-selective electrode in nonaqueous solvents.
From the point of view of the application of potentiometric measuring techniques, the sensitivity, the Nernstian behaviour and selectivity of an mdicator electrode is very important. From this point, glass electrodes and some solid membrane electrodes are promising. Ion-selective electrodes applicable in non-aqueous solvents and their conditioning will be described in Sections 3. and 4.
Cells, salt bridges, and reference electrodes: Two types of cells are usually employed for potentiometric study, i.e., cells with and without liquid junctions as shown by (1) and (2) (2) where indicates a solution-electrode interface, and a liquid junction. Cells of type (1) are usually used. In these cells, liquid junction potentials at J1 and J2 influence the emf of the cell. The liquid junction potentials should be reproducible and constant during a series of measurements. It is preferable that the solvent of the reference electrode is the same as that of the test solution. Moreover, if possible, it is recommended to eliminate the liquid junction potentials either (1 ) by adding an appropriate indifferent electrolyte to all solutions in the three compartments of cell, or (2) by using a high concentration of an equitransferent electrolyte solution in the salt bridge. It often occurs, however, that an aqueous electrode of the second kind (aqueous SCE, for example) is employed as the reference electrode. In those cases, big liquid junction potentials may be observed at the boundary between aqueous and non-aqueous (9) and the potential may be influenced significantly by the composition of the solutions at the boundary (10) . The aqueous reference electrode should be connected to the test solution only through a salt bridge of appropriate non-aqueous solutions.
In cells of type (2) , there is no liquid junction. However, this cell can be used only when the behaviour of the reference electrode in the test solution is exactly known.
The problem of the reference electrode is extremely important in potentiometry in non-aqueous solvents. Unfortunately no reference electrode in non-aqueous solvents is reliable enough in respect of stability and reproducibility of its potential. Detailed reviews (11) (12) (13) will be of help in choosing suitable reference electrodes.
Calibration of ion-selective electrodes: In general for the calibration of an ion-selective electrode other than the pH-sensitive glass electrode, a series of stable electrolyte solutions of different concentrations are prepared from well-defined, high purity salts. The effect of salt concentration on the activity coefficients of ionic species is often larger in non-aqueous solutions than in aqueous solutions, and the effect can be estimated by using an appropriate form of the Debye-HUckel equation. Correction should also be made for the effect of salt concentration on the liquid junction potential between the test solution and the salt bridge. The Henderson equation may be used for this. If there is no salt available which dissociates completely in the solvent under study, solutions of a salt of known dissociation equilibrium should be employed. In this case, of course, the calculation of ionic activities becomes more complicated. The purity of the solvent may also be very important. Small amounts of acidic and/or basic impurities, including residual water, may influence the calibration curve significantly.
3. Potential response of ion-selective electrodes
pH-sensitive glass electrodes
The fundamental principle of the operation of a pH-sensitive glass electrode is the interfacial potential difference between the hydrogen ions fixed in the membrane phase and solvated hydrogen ions in the solution E =E + --ln aHl (1) l,(l) o zH+F aH, (l) where E is the phase-boundary potential, E is a constant, 1 means the glass membrane phase, while (1) the solution phase, the other terms have their usual meaning
In practice the electrode process was found to be different from that descibed by equation (1) . Boksay and Csákváry (14) have explained this fact in the following way: when an ion leaves the glass phase and enters the solution, a vacancy is produced in the glass surface. In the reverse process the ion entering the glass from the solution can occupy a vacancy only, vacancy + H H1) (2) then the phase-boundary potential can be rewritten E1(1) _ E0 + ln {cv a:(l) where c = the concentration of vacancies v Thus, the potential of the pH-sensitive glass electrode depends both on the activity of the hydrogen ion and the concentration of the vacancies.
In the case of a given type of glass and solvent, resp., the concentration of the vacancies can be regarded as constant provided that the rearrangement of the bond in the glass and the interfering effect of the molecules are excluded: cv = const. However, in the course of the penetration of another solvent into the glass the concentration of the vacancies may change due to the change in the ion--exchange processes. So in the case of the measurements carried out in nonaqueous solvents, this fact must always be taken into consideration. This justifies and shows the importance of the conditioning, i.e. the preliminary soaking of the electrode in the given solvent.
The papers dealing with the problems related to the potential response of pH--sensitive glass electrodes have been summarized in Table 1 . The main point of view discussed is the role of the internal reference solution and the effect of pretreatment of glass electrodes. There are different views regarding the selection of the internal filling solution (15) (16) (17) (18) (19) (20) (21) .
The dynamic response of the commercially available glass electrodes was studied in detail by several authors (17, 18, (22) (23) (24) (25) (26) and it was found that the pre-conditioning of the glass electrode has shortened the time required for the establishment of a stable equilibrium potential. The acid error of glass electrodes in nonaqueous media was discussed also in some of the papers (27, 28) .
The pH-sensitive glass electrode has been extensively used for thermodynamic studies in different media. In this context considerable effort has devoted to study the effect of non-aqueous solvents on acid-base equilibria. The extent of reactions in which protons are taking part depends on both electrostatic and chemical interactions. Changes in the nature of the solvents alter the position of equilibria of a protolytic reaction as well as the activity coefficient of ions. Due to this when ions are transfered from one solvent to another the so-called "transfer effect" can be observed. The transfer effect is a measure of the change in the free energy of transfer. Several papers have dealt with the correlation between of permittivity of the solvent and the transfer effect (29-37) mainly on the basis of the Born theory. In work (1, 32) there are detailed and critical surveys on these problems. On the basis of the above mentioned publications it can be stated that the Born equation does not give a satisfactory explanation for the observed variations in the PKa values. Certain attempts were made using methanol-water mixtures (32) to get a linear correlation between the pKa values of p-substituted phenols and the l/& of the corresponding solvent media on the one hand, and between the Harnrnett '5 and l/& on the other. However, the expected linearity predicted on the basis of the simple Born equation was not observed in any of the cases studied. These results gave also a confirmation of the limited applicability of the simple electrostatic treatment to the transfer problems of ions.
In paper (33) a study is given dealing with the behaviour of a series of organic acids in nonaqueous media. Three different binary solvent systems were employed each extending over the range of C =5-30. The solvents were chemically inert, nonleveling and nonreactive (benzene-nitrobenzene, benzene-nitromethane and benzene-acetone systems). The slopes of the HNP vs. PKa curves plotted against the dielectric constants of different solvent systems result different curves depending on the nature of the solvent system, indicating that the permittivity on its own is not sufficient to describe the phenomena.
In other papers (31, 33, (38) (39) (40) (41) there are also data on the relationship between PI<a or pKb values obtained in pure water and the half neutralization potentials (HNP) in potentiometric titrations of acids and bases in different nonaqueous media. To eliminate the shifts caused by electrostatic effects, liquid junction potentials, etc. it was expedient to use a reference standard, so to calculate instead of HNP of each acid or base with the differential half neutralization potential ( HNP) (40) . In other cases good results were obtained by extrapolating the data to zero dielectric constant (33 and 1O2M in the pesence f O.1M Bu4NC1O4 as an indifferent electrolyte. The response for Na and Li in DMF, however, was unsatisfactory. Each electrode was in contact with_9nly ne kind of solvent throughout the work: the electrode stored in PC(l0 M Li ) showed no sign of deterioration even after six months, but the electrode stored in AN became pitted and ceased to respond after three months. The response of the electrodes was rapid, and an equilibrium potential within 1 mV was attained in 5 to 10 s. Chantooni and Kolthoff (52) used the sme kind of electrode (Beckman, 39047) to detrmine the activitiesof K in AN, DMF, and dimethyl sulfoxide (DMSO) anda in AN and DMSO. (Na in DMSO gave a Nernstian response only above 10 M.) About 10 mm was required to get stable potentials reproucibe withi ±2 mV. The same electrode was also confirmed to repond to Rb , Tl and NHA in AN with a Nernstian slope, but the slope for Cs in AN was ca. 43 mV (3).
Mukherjee and Boden (.54) studied the response charcteristics of a glass electrode (Beckman, 39137) insoluions of pue Li salt in PC and in the presence f such cations as K , NH , and Et4H at a concentration of .25M.
Only Et4N did not interfere with he reponse of the electrode to Li Klthoff nd Chanooni (55) calibrated K -electrode (Makson Co., 1002) for K and Tl and Na -electrode (Markson Co., 1001) for Na in MeOH, AN, PC and DMSO. The electrodes were conditioned for 3-4 days in a O.O1M÷solution of the perchlorate or picrate salt in the same solvent in which paM )÷was meaured.
The slopes of the calibration curve for pe9hlorates of Na , K and Tl (for the concentration ranges of ca. 10 -5xlO 0M) in AN, PC, DMO and MeOH were almost Nerstian (59.1 + 0.5 mV/pa(M ) at 25 C), except for K in DMSO (63.8 mV) and Tl in PC (54 mV). Stable potentials to within ±1 mV were obtained in 5 mm, except in PC which required 10-20 mm.
çparison of activities in different solvents: Eisenman (50 ) compared the potentials of a cation-sensitive glass electrode (NAS 11-18) vs. Ag/AgC1 reference electrode in saturated solutions of NaCl in pure H20, pure MeOH, and mixtures of HO and MeOH. The potential values were the same within a fraction of a miltivolt, showing that there was no special solvent effect on the surface of the glass electrode and that the electrode can be used to compare ionic activities in those solvents. For (NAS 27-3 + 3ZnO) glass electrode, however, the potentials in HO and MeOHdiffered by 15-20 mV, indicating the existence of some solvent eftect on the surface properties. Cells with a cation-sensitive glass electrode and an Ag/AgC1 reference electrode (type (2)) have been used to obtain free energies of transfer of alkali metal chlorides from water to various aqueous organic solvents (56) (57) (58) (59) (60) (61) . Covington and Thain (62) determined free energies of transfer of alkali metal fluorides and chlorides from water to aqueous MeOH by using cation-sensitive glass electrodes and as a reference electrode an F-selective electrode (Orion, 94-09) for fluorides and a Cl -selective electrode (Orin, 94-17) for chlordes. They compared several glass electrodes (Orion Na , 94-llA; E.I.L. a , GEA 3313 or 33-1048--100; Corning univalent cation, 476200; and E.I.L. K , 33-1057-200) as to the specific solvent effect on the electrode potentials. Nakamura (63) studied the response of a cation-sensitive glass electrode (Beckman, 39047) to the activities of various univalent cations in different solvents. He compared emfs of cells (3) and (4) (Fig.l.) . It is apparent that, in many cases, the glass electrode behaved in the same way as the cprresponding amalgam elctrodes. There are some exceptions, however, in which deviations occured. Ag in AN deviated significantly, and some cations in H20 also deviated to a smaller extent (5) where the glass electrode is Coning univalent cation-sensitive electrode and D shown solvents to which M is transferred. The liquid junction potental at J was considered to be negligible (66) . Free energies of transfer for Na were also obtained using an amalgam electrode, fair agreements being obtained between both results. They also calculated the free energies of transfer of these cations from the successive formation constants of complexing of these ions in PC with DMA and DM50, by assuming that interaction energies outside the first coordination sphere were independent of the solvent species. The values provided by calculations agreed well with the experimental values obtained with cell (5).
From these results it is apparent that the cation-sensitive glass electrodes can be applied to compare ionic activities in different solvents. But it is necessary to confirm beforehand, by some appropriate methods, that the potentials of the electrode to be used are not affected specifically by the solvents in question. Note on the selectivities of cation-sensitive glass electrodes. Some results have been reported on the selectivities of cation-sensitive glass electrodes in non-aqueous solvents (50, 51, 67, 68) , but no systematic investigation has been carried out. When the glass electrode can respond in a Nernstian way to the activities of univalent cations in different solvents, the solvent effect to the selectivity constants of the electrode is considered to be determined mainly by the changes of solvation energies of the cations.
Non-glass based ion-selective electrodes
As it was proved by a number of scientists, similar calibration curves can be obtained in general for different ion-selective electrodes in nonaqueous and in mixed media as in aqueous solutions.
Manyauthors examined (69, 70, 71, 72, 73, 74, 75, 76, 77, 78, (80) (81) (82) (83) (84) (85) (86) ) the potential response of silver iodide electrodes as well as that of silver bromide electrodes (72) (73) (74) 78 ) in detail. Publications on silver chloride ion selective electrodes (72) (73) (74) (87) (88) (89) (90) deal with certain theoretical problems important in respect of applications in nonaqueous media. In connection with fluoride ion--selective electrode there are numerous publications (87,91-96) but only a few papers deal with the potential response of copper (97-99) and lead ion--selective electrodes (100-104). The data published in the papers already mentioned are summarized in Table 3 . according to the solvents applied. The application conditions are discussed in detail in Section 4.3.
There are publications reporting on electrodes containing new electrode active materials, which are summarized in Table 4 . On the basis of the above literature data it can be stated that the investigation of potential response, dynamic properties, selectivity, etc. of non-glass based ion-selective electrodes requires further research work in the future not only from practical but also from theoretical points of view.
Application of ion-selective electrodes in nonaqueous media
Although most of the applications of ion-selective electrodes are limited to aqueous solutions, the number of examples of successful applications in non--aqueous solutions is increasing steadily. The present report will review these applications of ion-selective electrodes in non-aqueous solutions.
Ion-sensitive electrodes in organic solvents have been used as:
(i) an indicator electrode for physicochemical studies, including those on ion association and complexation of univalent cations (ii) an indicator electrode for analytical titrations of univalent cations and of reagents which can complex univalent cations (macrocyclic polyethers, for example), (iii) a reference electrode in the solutions containing univalent cations.
Application of pH-sensitive glass electrodes
The majority of papers are dealing with determination of analytical concentration values of organS1d bases. At the same time, from the potentiometric data first of all thermodynamic constants, e.g. stability constants of complexes containing organic ligands, acid-base equilibrium constants of organic compounds, etc. are determined. These papers are summarized in Tables 5-10.
Application of cation-sensitive glass electrodes
The cation-sensitive glass electrodes are very convenient+for the study of complexing of univalent cations. Frensdorff (105) used Na -selective electrode (Corning NAS lll8, 476lO)and nivalentcation-sensitive electrode (Corning, 476220) for Na and Li , K , Cs and NH4 , respectively, to study the complex formation constants of these cations in MeOH with macrocyclic polyethers. (The cation electrode was conditioned for each new cation by soaking it overnight in a O.O1-0.lM solution of its chloride. One such electrode cracked on immersion in MeOH, but other electrodes were successfully used in MeOH by stepwise conditioning in aqueous solution of increasing MeOH content up to pure MeOH, in which they could be kept indefintely) Kothof and Chntooni (55) Kazaryan et al. (90, 117) investigated the behaviour of homogeneous Ci-selective electrode in non-aqueous MeOH, ethanol, propanol, isopropanol, acetone and DMF, and in their 10-90% mixtures with H20. The slopes of the calibration curves, obtained in solutions of Et4NC1, were 35-40 mV/pCl for pure organic solvents an 38-50 mV/pCl for mixed solvents. The lower detection limit for Cl was 10 M in pure MeOH, ethanol and DMF, lO7M in propanol, and lO8M in isopropanol and acetone. A Cl-se+ective electrode was used in AN titrate Cl in the presence of Br with Ag after the selective oxidation of Br with KMnO4 or Ce(S04)2 (88). Bixler and Bond (121) investigated the behaviour of an F-electrode (Orion 94-09A) in MeOH and applied it to study the stabilities of alkaline earth monofluoride complexes [MF3 in MeOH and aqueous MeOH. Coetzee and Martin (96) recently investigated, by direct potentiometry and potentiometric titrations, the response of an F -electrode (Orion 94-09) in a variety of alcohols and dipolar aprotic solvents and their mixtures with water. In direct potentiometry, the electrode was calibrated in EtANF containing O.OlM EtdNClOd or Bu NC1O . The reference electrode, a modifled-SCE in alcohols and Ag/O.O1M AglO4(N) in other solvents, was used with a salt bridge of O.lM Et4NCIO4 in the pertinent solvent. To obtain stable potentials ca. 10 mm was required. The slopes of the calibration curves and the lower limits of detection are shown in Table 13 . The response in anhydrous soventg was somewhat super--Nernstian, especially for F activities in lO -10 M range. The response became almost Nernstian when some water was added. The response of the F --electrode was more ideal in potentiometric titrations of F with metal ions.
Coetzee and Martin applied the titration method to determine solubility product constants of LaF3 in various solvents and of NaF, NiF2 and MnF2 in AN. They also showed that the addition or organic solvents to aqueous samples could improve the sensitivity of direct potentiometry by up to 1 decade, and that of potentiometric titration by 2-3 decades.
Menard et al. (122) used a LaF3 electrode to measure F activities in anhydrous HF and HF-H20 mixtures. Because of the strong corroding action of anhydrous HF, the use of a commercial electrode was impossible. They built an HF--resistant electrode with a Teflon sleeve.
Solid-State Heavy MetalIon-lective Electrodes:
Various organic solvents are often added to aqueous solutions to improve the results of potentiometric titrations with solid-state heavy metal ion-selective electrodes. In the analyses of inorganic sulfate (123), organic sulfur (124,125) and oxalate (l26, for exampl4 aqueous 1,4-dioxane was used as a solvent to titrate with PbZ+ using a Pb -selective electrode. The behaviour of Pb2+_selective electrode (Orion 94-82 A) in various organic solvents was studied recently (103,104).
Solid-state heavy metal ion-selective electrodes can also be used in2nhydrous organic solvents. Rechnitz and his coworkers studied the use of a Cd -selecti electrode in the titration of Cd(N03)2 in DMSO with EDTA (127), and of a Cu -selective electrode in the titration of Cu(Cl04)2 in MeOH, acetone and AN with EDTA, tetraethylenepentamine and 5,6-dimethyl-l,10-phenanthroline (97). Heerman and Rechnitz (128) used a cuprous sulfide-membrane electrode for the potentiometric measurements of Cu(I) in AN containing 0.1M Et4NC1O4 or NaClO4 as an indifferent electrolyte. The electrode showed near-Nernstian response (55-5 mV/decade) for Cu(I) down to 10 M in pure solutions and at least 3x10 'M in the presence of complexing ligands. The electrode was used to measure successive formation constants of Cu(I) complexes with halide ions and thiourea in AN. Recently, Coetzee and Istone (99) studied the response of a Cu(II) ion-selective electrode having a composition of Ag1 ç5Cu0 45S in solutions of Cu(II) in various alcohols and aprotic solvents aM their mixtures with water. In all solvents, except AN, the slope in the linear region was Nernstian or slightly sub-Nernstian and the lower limit of the linear region was at 4-5 pCu. They used the electrode to estimate free energies of transfer of Cu(II) between different solvents and solvent mixtures. Coetzee et al. (98) studied the reason why the electrode did not work correctly in AN and showed by ESCA and other studies that, in solutions of certain Cu(II) salts in AN, the electrode failed because Cu(II) replaced Cu(I) and Ag(I) ion was leached from the electrode.
In Tables 12-19 the trends of application of non-glass based ion-selective electrodes in non-aqueous media are summarised.
On this basis it can be stated that the application of ion-selective electrodes in non-aqueous and mixed solvent is continuously gaining ground, while in contrast, the properties and response mechanism of these electrodes in the various media are not sufficiently known yet, so that further research activity is. required in this area in the future.
Moreover, it can also be concluded that the needs for analytical and physicochemical applications of ion-selective electrodes in non-aqueous solvents are now increasing rapidly, and the development of new ion-selective electrodes which can be used for other ions in non-aqueous solvents is highly desired. Determination of binary mixtures of amino acids 238 is described cant. propylamines is impraved by the use af Gran methad MeOH,EtOH,n-Na,I
The mean activity coefficient of ions 79-86 -PrOH,n-BuOH was determined using a Na -selective n-pentanol, glass electrode Radelkis OP-Na-711 D fluorides and chlorides from water to aqueous methanol using several glass electrodes as reference. The specific solvent affect of the latter was also studied The formation constants of HF and (HF)2 were 295 determined using a fluoride ion-selective electrode
The Orion and a self-constructed LaF (doped with SrF2) fluoride ion-selective elctrode were investigated, both by direct and indirect potentiometric technique. A procedure for titration with thorium nitrate is given. The best media for the electrode is the 30% dioxane-water composition. Inorganic and organic fluorine compounds were determined, resp. 
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